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Rcciprocil-y Bet vwcn lJrban 1 lcat island
ICffccl ft~l(i Air Pollution

W. 1~. 1 lucbncr,(”l) R. M. l<illcn,’”” nnd ]). (~. ]]oicc”

Abstract

IIeat pollulim it) at ban c]l\it( Jtitl]cllts: iccclctt ttcsairl  l[Jlllllic)tl \vbicb ill tat-n can cilliat)uc
bca[ pollllticm, III c i t i e s ,  solar- r:i(liatiotj i s  m(wc cf’fcclivcly absorbccl  tb:in it]  rural

samJLlndings  by Iatgc, dark, tnatl-m; tde sulf’aces (stlccls, parking lots, ziirlx~ll aprons  and
runways, roofs, rail f-oad }ards,  etc. )aIId s(otcd in llcat-rc(a itlil]g sltLtct(lrcs for dclaycdrc-
cmission in tbc infrared (]1<), “1’bcsc bcal ct~ballcctsaw called [mssivc :if]tt~rc)~>c)y,ellic  beat
soarccs. Ac[ive:ttltl]to] >c~p,ctlicllc;it sc>Litces (\vastcllcat  from :lirc(~]}clitiotlit]g.  powcrplanl
cooiit)p, towers, cl]gincs, etc. ) acid 10 lllc s[ork’d II{ emissions from Ibc :Ioatld.  Inl)at]ccd
11< cmissionsfmm  tbcgroand at](lc(lflvccli\Jc:it]  (ia(l\ccti\Jcl lo\\sof  air in contaclwitb
bot sarfaccs  cause Icmpcralarcs itl cities to rise relative (0 sarmatldin:  rural  at-cas.
Collcctivcly,  tbcsc pbcnomcl)a  arc called ‘urban  be:it island ([1111) cifcct,’

Antbropog,cnic :ic[ivity a l s o  caascs cbcmical cmissirms  (t~ydrocarbot~s, salfar
compounds, NO, compoarlds,  acroso]s, etc. ) ill tbc atlnospbcre. Solar Illtraviolc[ ([IV)
racli:ilioa  dissociates and ioni~cs air pollataals. “1’bc rcsaltin:,  radical sanci ioas anclcr!o
cbcmica]  rcac[ionsin  lbc almospbcrc, T>rcJ(lllcir]~:l~lally  ncw spccics and crll]arlcitlg,]lalllr:illy
cxisling spccics(ll,O,  C} ],,, (’02,  etc.). ‘I’llcratcs  ofct]clllica  lrcactiol}s\viill low activation
mcrgy  barriers and tbc formation of acroso]s  arc cabanccclby rising, tcmpcraturcs,  Many
of Ibcsc spccics, inclading acrosc)ls. absotb :ind rc-emit  raciialion  irl Ibc 11{, ‘I bas, bea t
radiation is trapped by urbaa air and crcalcsa  positive fccdbackon  lbc beat island effect
and oa cbcmical pollat ion. Wc dcscribc lbc t-ccil~rocity  oftbcsc cfl’eels. lbc sensitivity of
beating rates of tbc local atmmpbcre  due 10 antbropogcrlic  t race :,ascs, :icroso]s. and
{,ro~ll]d  al bcdo valjatio]]s,  and sugg,  cst potctlt  ial C’oarllc’r 111  C:i  Slll’CS..-,
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(Tars ml only pmducc  air pollulinp, p,ascs.  but also heat. 1 .CSS than
15% of tbc cncrg~r contcmt of p,asolinc  e.ocs into mo~’in~  ii car: ()~cr 6 0 %
:lr(~ Cllp;  llr 10s<(% ‘1’hir H’S( o~’ [IIC mcrpy  yocs il]lo  braking.  dti~clinc..
mllins, slandby,  acre. and accessory IOSSCS. Most of Ihc lt)sscs arc a:,ait)
active :it]tlllc)l~ogcl]ic  beat sources. Addilionall),  cars  pollute tbc air
c’bcmically. Rcgulalions  to ILducc air p o l l u t i o n  arc bcin~,  cnforccd  o r
rllcol]tagcd  by govcmmcnt entities, l;O] example.  in ‘J’cxas, a state rich on
natural gas sources, govcrnmclll  t’cbiclcs  arc being con~’cr[cd  10 usc natural
~y]s. 1 lolvevcr.  decisions about  Ihc usc of gasoline versus natural p,as. or
CIIM]IO1  vcrsas methanol as (~xyg,cll-l>c:i]illg  gasoline additives have nol yet
bccw m a d e .

2 .  IIistorical  skdch

2 . 1  ‘1’1](’ Urban hcaf  island

‘1’hc  fact that c i t i e s  p roduce  a  bc[it  is land in tbc smmundinp,  t h e r m a l
cnvironmcnl  has been observed for over a ccntmy.  (iarslang  c1 al. (1975)
rc~icivcd  work  o n  h e a t  islan(is prior  10 1 9 7 5  and considcrd  four  main
f.;ltrqorics  for Ihcir sldy:  sla[istical,  cnup.y  flux balance. Iurbulcl]t  mixing,
:111(1  (ljil:~illi(  lll(KIC  IS. W;C d i s c u s s  thCSC  II1(KICIS  bricl?y  10 ;>12c C Clii’l Cli!

\voIk  in i t s  h i s t o r i c a l  c o n t e x t . A l l  modc]s  a r c  citbcr  l]>r(lr(J(iyI]:i]l]ic
rcprcscntations  (advcctioll  a n d  c o n v e c t i o n )  lvith assumed  atmospbcric
tL’]l]]>cr[ItLlrc  ]> Io~;lcs,  o]ra(li:iti~’cr  c]lrcsclltatio]  lsli’itll  an :Ilo])rc)xilllzltioll  for
advccti  on, Some mmicls  include cbcmistry. ‘1’hc rca(icr  i s  rcfcrrd  to
<iars[angc/(~L  (1975 )al](lto  llcl]llct[al~(l Saat~(1982)  ft)rcxtc]lsi}c]  c\ ’ic\\s
ofhcat is]an(i  studies  and IIIC bc:it  island  :isil]>crtaills  to1301111tio]l”  dispersal .

‘I’llf:  c:{l]scs fo]llll lsi]lclll(lc:  (l):icti\Jc:ltltllro]>  ogc]lic llc:ilso\lrccs;
(2) clcvatcd  heat c a p a c i t y  and rc(iuccd surface albcdo  of  bui ldings and
13avi]lg ]11211c]i:llsrc  lflti\c~(J  tllalofr Lltal soil: (3)rduction  insurfacc  wind
S p e e d  duc 10 Si l l ’ face mu@lcss  (Stlllc.tllrcs, such  as  buikting,s): ad (4)
rcduccd  moisture available for c~’:i]>()-ttalls]~  irati()]l. lkmcd on modeling by
At\vaIcr  (1972),  }’u and }~agIIcl’ (1975),  ‘i’omncc  md Sbum  (1976),  d
WclcJI c/ al. (1978), tbc factors in mdcrofrclativc  imporkmcc  arc: active
:Illtl]lo]>ogc.]]ic  beating, surface rougI, bIIcss, heat  storap,c capacity,  and
availability ofmoisturc. hoyruj)  (] 96[)) coIIcludcd  that acli~rc :itltl]l’c)llop,c]]ic
beating Ivas nol aII important contribution, but that it varies from city 10
city.  II may  bc ]~~c~lcil~l}~or[al]t  il]citic.s\  \l~crez\i r-c{~]~clitic}l~  iIlg,(~rl ~czitil~y,
of buildings is a ]argc factor. Mode l s  disap,rcc  on tbc imporkmcc  ofhcat
rdcnticm,  mait~ly bccausc  of tlIc mccr[aintics  in tbc ~viiuc o f  tbc avcrapc
heal  capacity oflbc  city surfidcc,  and bccamc mdcls  have assumed plane
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pal’al]cl  p,c’omctl’y. ‘1’crjung  and 1 ,ouis ( 1971) mncludcd  that high-rise urban
structllrcs  can absorb nlc~rc Illall  six times tllc  radiation c)f rural  plains .
Sp~l?~jRI~ ( 1  060\  l’o,ln~{ lhal  QIII1’:Irr  hf~ntitl:  i< 1])01(. impotl:]l]l  th;lll Sllrj”:lcc

rougbncss,  bul Iha( surfitcr  I(JU:,IIIICSS  bccomcs  incrcasing,l>’  more important
as Jvind speed inert’ascs above  5 m/s and a turbNlmt  boun(iary  layer  traps
]lC:lt  llL’aI’thL’ ~l”OLlllCi.

An early  at(cmpt  at numcrica]  ]nmlclillp,  oftbc  urban beat island
WaS  t h a t  ofh~yrup  (]~6!)). ‘1’l)c  ctlcr~,y  jlllxln:llat]cclllc)(lcls  conccivcd  by
h~yrup were based on quasi-o] lc-(lil]lc]lsi(~]l:i]  soi ] - air LWILImIIS  in l~rbich  the
n e t  radialion  al Ibc surface  and actil’c :iiltl]ic)]>op,c]]ic  bcnting  arc balancui
with ]atcnt heat of vaporization, scnsib]c  heat jlLIx  into tbc atmosphcm  and
soil. and possibly advcction  j’rom ncig,l)borinp,  c[)lumIls. If }’ is the net
r[idiativc flux. then

1’ -I 1 ~ II -1 1>,: -I (i -I ,4.1  . (1)

~vhcrc  /1 is IIIC t r a n s f e r  o f  scnsiblr h e a t . I.c t h e  L’llcrgy Of L’va]lO-

transpirali~n,  C; the ncl stoIap,c of” heat. AA the acivcction of energy to tbc
o(ijacent cnvirontncnl,  and 1 an internal  h e a t  soutcc. ‘1’llc intcm:il  ([icti\’c
:]lltlllo~]o~,c]lic)  sc)urcc of hea l  f~n Ilw lL’ft s ide of  the cqwdion  and t h e
:idVCCliOii  Siiik \VCIC ilCjJjCc,~~(i  j~: ~!,~,. II..’.,,.) ,  ,4,)  ,1 ( 1  969) 111 O;!L’I. ‘!11:’  !lL!SCS <!!-

]atcnt  heat and smsiblc  bull  ~vcrc treated in Icrms  01’ (ii ffusion  equat ions.
‘1’hc n e t  r a d i a t i v e  flux tvas p,it’cn in Icrms  of tbc solar  flux at [i g i v e n
lalitudc  (~vith  tbc solar  dcclitmtion  and houl  angle as lwiablcs).  the mean
a tmospher ic  t twsmission,  and mm] surf>icc al bcdo.  ‘1 ‘k latent  kit flux
is paramctcri~cd  in lcrms  of the relative humidity, lvhicb was intcrprclcd  as
a function of lbc fraction of lbc total arc:t occupied by transpiring plants.
‘1’hc vertical distributions of Ivind specd$  tmpcralurc$  anti specific humidity
were assumed  10 t’ary l(}p,:ilitlllllic:il  ly, All calculations wm made for clear
siiics and no consideration lvas given to active anlbropogenic  sources of”
heat, such as combustion. in spite t~f the simplifications, tk results Jvcrc
botb qmlitativc]y  and quantilati~fc]y  rcasonab]e. hjy]’q>  co]lc]dcd  lbat a

20?40 green area is a cri[ical Ialuc ncccicd to mitip,atc the l]] II cf’feet.
1 )iffcrcnccs  aInoIIg  nmicls  arise bccausc  of diffcrcnccs  ill cstimatd

heat  capacity of’  tbc urban  soil and sut fac.c, estimates of the availab]c
moisture find relative humidit),  and treatment Of :idvcdion.  ‘1’hc effect of
humidity and its K’]ationship 0]1 cvaporati~rc  flux ~vas examined by Adcbayo
(1991).

Rad ia t ive  tramfcr  modc]s  (iiffcr in complex i ty . Yoshi( ia an(i
Kunitomo  ( 19X6) inclu(ic(i  rn(iiativc beating of the atmosphere by pasm
( 1 1 ? 0 ,  C’O?, (.)3) ami acmsols  an(i consicicrcd  a c t i v e  anthropogcnic  imt
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Sollrccs. “1’hc’y ill\ ’csli~ak’(1  tllc  L’ffl’cts  01” &J1’mm(l  al bcdo.  ‘1”:1( I\ ’C’
:llltlll’o]lo:~c  llic IIcat  ]elcasc.  pround  ~>mil[:tnce.  cl’apomtion,  s[Irf}Icc
101.I:,IJIIcQ<  lllcrl~lfil flijl’l]sivil~  :111(1 lICOI c:)!~:iril~  ol lllf’ ~t’oulld.  all(] sim
( D i s t r i b u t i o n s  ofacrosols. ‘1’hcy ccJIlulIIdc  that an incrcasc  in all par:imclcrs

inc reases  Ihc sarf_ace tcmpcralurc  ofuttxi]l  areas by nip,hl.  II] the daj’(ilnc
t h e  sarlhcc rou~,hncss aIKl acroso]s  dccrcasc  sarfacc tcmpcratarc  in urban
al’cas. (’onsistcnt  }tith I b i s .  II:illing and 13razLl ( 1 9 8 6 )  found  f r o m
mcasurcmcnls  tlkat  the nig,hliimc Icmpmaturc  in l)hocnix  al 02:()() 1 , S ’ 1 ’
il]crcascd  by an avcrapc o f  :11)0111  4 . 5[ ’ ( ’  f’l”om 1048 to 1 9 8 4  and .lllnc’s

nigh[[imc  tcmpcralurc msc  by more than 5.5(’C’. Radiative modc]s  predict
l:tlg,cl(l  if fclcl)ccs13c  t\\ccllLlll  3:lllzlll(  llLll:{l:ilc:ls  ill\\ illtcrallCl  at night Ihall
in summer and in k daytime, rcspcctivcly.

2.2 f~ir pollution as il npplics  to lhc urban heat island  effect

(i:Iscc)LIs  iIII(l:IcIosol”  ])oll LIt:IIIts:  IIc1211~cly  ig]lolc(l  ill  11111  studicsbu(  were

nxcl)tly  sholvn  to lx impo]lal]t  in cncr:,y  i]ux  balal]cc  Inodcls.  A l s o .  in a l ]

cneqy  flux l)alallcc  l]lo(lelsk  llo}i])to  lllcaLltho13.  cloLIdsa Ic ip,norcd.  olfc
and 1 cc (1971 )juslificd  ncplcctint~,  radiative coolin?, by pollutants by citing},
.Atwatcr’s  c a l c u l a t i o n s ,  concjlldillg,  III:{(  c]cvatc(l illlclsiolls  \voll]cI  O1lIJ
p;ol:idc  subslmlia]  coo!il}:  jflhcjr rcsidc;~cc  liil)CS  !’,’crc lon~, ~!’oy ; I,,rc:l

\’clocity  of” 3 m/s, lhc rcsidcncc  time of’s pollutant over a city is about  an
hour;  thcrcforc l:i(lialileco  olillgisi]  lll>[)rlflllt”  only f(m stagnant  condiliom.
Raclia(ivc h e a t i n g  and coo]inp, by p o l l u t a n t s  i s  in)pol(anl  ik)r  In:ijol  ulban

ccJltcIs  with basins, such as ],0s Angeles and hlcxico Cily.
Atwater (1971) sho~ved  that urban  pollution pduws an clc~mtd

inversion that actslo inhibit Ihc cscapc  ofpollutants. ]Icusccl  lr:insmission
f`lll)cti(~lls  foracr()sols  c[)I~ll>tltccl  f`roIll  N4ictl~c()ry  :\l:i\\:i\clcIlg,  tll)b ().483
}Im, and a concentration of pmliclcs  observed ol’cr h4inncapolis. “Ihc
mo(icls  hr 11{ Irammissioll  o~’ the attnosphmc  assumed only water \Japor
and carbon  dioxide.  Since Ihc smfacc  tcmpcraturc  was prc-spccifid,  the
aC1’OsO]s COU](] Only ChE{l12,C  t]l C VCI’(i C:l] tClll])CI’at  Lll’C  Stl’UCtlllC.  ]] CC[iUSC  t]l  C

Inodc]  n e g l e c t s  a(lvcction, it is s t r i c t ly  ]calislic  for nona(i~’cctivc.  stab]c
cases, which occur  most oftcl~  at night, ‘1’hc  Sll”ong,cst C f i ’ e e l s  OCcul’  for

calm ccmctitions. lnfhrcd radiation by Ihc polluted layer leads to an
inkmsification  ofthc  heat islan(i  by night, bat attcnuatioa  ofso]ar  radiation
weakens the heal island (iurinpl  the day. ,fiirpollulion  effects a]so weaken
the winci, ]cading: 10 all intcnsifjcation  o f  po l lu t ion  concen t ra t ion .
Subscquenl  work  on the mdiativc  cf~ccts  of’ po l lu t i on  by IIcrgstrom  and
Viskanla  (1973)  and Zdankowski  c1 a/. ( 1 9 7 6 )  show  tha t  11< from t h e
heated acroso]  laycrwil] incrcascthchetit  is]an(i in the early morning,  but
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tk rcllcclion  o f  solar  radiation  by lhc ammo]  laym  tvil]  dccrcasc  lhc
]nag,]litadc  of the heal island by day, ‘1’hc rclatilc  cffcc~s  of lwalinp, in IIIC
1 l-? 2n(l  (’(~olinfJ in fhc visihlc  :irc s e n s i t i v e  to lhc o!>lical !Irt)!ocrlics  oi” Ihc
]“)olllltallts.  N4[)I’C Icccl)l \vm’k l)>’ JIclllld(  aad Saab (1982) C[)llcclltl’:itcs  ol)
pollutant dispersal.

in a~i(lition  to ae roso l  po l lu t an t s .  gwscous  pol lutants  pm(lucc
imp(lr[anl  ra(lia~i~’c  forcinp,  lCi Ul”llC~c’/  (l/.  ( 1 9 8 8 ) ] .  (’hangcsin  Iropospllcric
Omnc  mixing can pro(lucc positi~’c  radiative forcing  comparatllc  in
map,nitadc  to that caused by uthcr  grccnhousc  gases Ilmis c1 ~//. (1990)”1.
‘1’hcincrc:iscin  trol>osl~llcricc  ~zollcisb  clic~~c(l” Iollcc:lllsc(il  )yillcrcascsill
precursor molcculcs,  such as (’O, N(), aI~(i hy(irocarlmns.  which aiso tire
pollutalm. ‘1’llc  Icrtical ciistrit)utio]l of 07011c  is ;l~:~i]a~j]c  foI t]IC

stralosphcrc  from satcl]itcs,  bat fo~ the Imposphcrc  il isoniy  available flom
Oml)c-so]l(ic  (iala.

‘1’hc  cffcct  ofpollwit)ls  o n  the surf’acc  fcmpcratmc w i l l  (icpcn(i  on
lhcir  absori]lion  ami scallcrin.g iwopcrlics. ‘1’0 the Cxtcnl that 111(’ pollutants
absorb  and scatlcr  visib]c miialion,  Ihc (iay(imc surface tcmpcraturc \*’ill bc
(iccrcase(i rc]ativc  10 timt  Ivith cleat skies. IIowwcr,  at night,  11< ra(iiation
by tk’ J)olllltC(i  ki~CI’ 111[1~  {lCt 10 illC1’C:lSC  thC U1’b:il] Slll”faCC tClll]XY:ltLl~C

rclaliw to Ihal it) Iilc surroun(iing!,  rural cn~’ironmcnt. ‘1’hcrmal  ra(iiation  by
;)<)]]L:fa~)~$;  !l-l  CJy lcw! I() an intensification of lhc 11! !1 hy as m~lch a+ 5f!(K i;~
lhc early ]llc>rI]iIlgl]OL]ls  [Vcnliatram  ami Viskanta  (1976)].

IIM7cI c1 al. (1988)  analy~c(i a  long- te rm (iatabasc  ofsmokc  an(i
ham formation in the r:ipi(ily  g,rowinp,  city of ]’hocnix,  Arizona.  ‘1’hcy
foumi no change  ill t h e  f r e q u e n c y  an(i i n t e n s i t y  of smoke  an(i hax
con(iitions  with population incrcasc, but [i significant incrcasc  in (iuratioll
of such events when Ihcy comparc(i  the pcrimi  from 1949 to 1966 \Yitll  the
pcrimi  f rom 1967 10 1985. l:rom the analysis oflhc  (iata lhcy  conc]mic(i
that the incrcasc(i  smoke an~i IKim (iuralion  is rc]atc(i 10 the impact the
growing  (1111 has on the s[racturc  of the local inversion layers. ‘1’hcy
suggcstc(i  a link bctwccn  urban-i nducui  temperature ami wimi changes an(i
air quality lcvc]s  in rapiciiy  g,rowing  mcltopolilan  areas.

3. Rclcvancc  to climate change

A s  (iiscusscxi by (i:irstang  et (J]. ( 1 9 7 5 ) ,  c i t i e s  bcgil]  to CXCY1 a major
nmiif  ication  {Jn airflow  in t h e  Ix)ull(iary  ]aycr a s  they gjrow into
mcp,alopo]iscs. Major  urban  megalopo]iscs  such as I,OS Ai;g,clcs  anci t he
castcm scaboarct  of lhc (JSA alrcaciy  exer t  major  rcg,ional  iajlucnccs. ‘1’hc
ra(iiativc  fwcinp,  (iuc 10 oz,onc. wilicl]  is (iccrcasing, in lhc s~ralosphcrc  aa(i
i n c r e a s i n g  in lhc lower Iropospherc  hccausc  of urixin  air pollution,  is
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alrc:idj’  comparab le  to incrcascs  ill other g,rccmlmusc gases [ Wanp, c1 [//.
( 1 993)-I. ‘1’]Ius, IIlc cf’fccts  01’ LIrban air pollution  arc :iobal in e x t e n t .

Mr:J<IIrf’IIIrIIl<  itldic:tlt’ III;I1  Ihr I II 11 cf{kc{s :Llld Ihc :Imoutlls Of (’().

i n lhc almosphcrc  arc incr~wsinp  uwrld-~vide. Whilu there is no doubt  aboui
the increasing amounts  Of(’op,  most tLmpcraturc  mcasuwncnts  am mdc
al airjmr[ lvc:ithcr stations. Ilolvm’cr,  ailporis  arc notorious heal islands.
‘1’hus.  predictions of~lolxil  lvarminp,  basal on tcmpcratutc  mcasurcmcnls
must  bc vimvcd with great care.

(;har]son  c1 (//. (1992)  fbund that t r o p o s p h e r i c  acroso]s  and in
particular  anthropo~cnic  sulfate acroso]s  contribute substantially 10 ra(liali~c
forcing,  Sll(JIt-\\7a\clcII~,[lI  sol:irr:l(li:i[io]]”  and m(dificalion  o fshor [ -wave
rc~lcclivc  pmpcrlics  ofcloudsby  sulflllc acroso] parliclcs  incrcasc  planc[ary
a] bcdo,  thereby c.xcrlinp,  a cooling, influence on thr planet. ‘1’hc [I,lobally
avcra:,cd  climate forcing duc tc) illltl~ro]~opcllic”  sulfate is cs[imatd to be -1
to -2 whllp. ‘1’his  pcr[urbation  i s  conll)amblc  in nlagnitu(lc  to current

antl)topop,  cnic  p,rccnhousc  g~,as  fo]cinp,  bLH o p p o s i t e  ill  si[r,n. ‘1’11[1s, tllc

acroso]  foming hits likely ol’fsct p,]obal p,rccnllousc Ji’arming,  10 a substantial]
dcgrcc.  ll()\~rc\cl.(l  if felcl]ccsill gc(>gl:i]>llical:  i]l(lscas  ol~al(lis  trib~ltiolls(~f
these forcings  prcc]udc  any sinlp]c colll]>clls:itic)ll. Aerosol cffccts  must bc
t;ikcn into accoun(  ill Cvalwitillg  :tl~tlllo]>op.cllic”  inllucmm  on t h e  c l i m a t e

!cgar{!ing,  co;ilrols  o~l cmissiol~  of gmnhousc:llld  ill j’~)illilllii~i!)~ policv
tlascs and sulfur  d i o x i d e . Resolution of such policy  issues requires
integrated rcscarcb  on the magnitlldc  and geographical distribution of
ammo] c]imatc  forcing  and on the  con t ro l l i ng  cbcmical  anti p h y s i c a l
proccsscs.

4. IVlcasummenfs of heat pollution

‘I’hcm ain Icchniqmst  hat havcbccn  uscxi  10 lllc:lsLltcttlclllllaTl  hcatcxccss
arc Icmpcraturc  comparisons f]om urban  an(i rural  IIlclc{)rt}log,ic:il  stations,
tllca~lto-tla~~clsc IIlctllo(l,all(lrc]llolc  scnsingby  aimaft  and satcllitcsin  the
thcrma]  infrared. ‘1’hcproblcm  ~titlll  lsill~ll lctcololop,ical  (I:it:ito(]llalltify
t h e  [)111 e f fec t  i s  to dclcrminc  ~vbcthcr  the  loca l  mcasurcmcnts  a r c
lc]lrcsclllati~~c(  ~flllccl]tirc  flrca:il~(ltoc(~rlcct  for :lllitLlclc  (liffcrcllccsoi’  the
wcatbcrslations.  llccatlsct  llc:t~]t[)-tr:t~~clsc  IIlctllo(ii sco]lljllc(lto  lo:i(ls,”  the
le{lljlcr:illlrc  ~~~c:isllrcjllcllts  :irclc]lrcscllt:]livc  (Ji’tllcs(l13-rooftoJl  Icvcl, lvhicb
will lx cooler than the s:itcllitu-(lcli~  ’c(l tcmpcralurcs.  II] ad(iilion,  it may
t:ikcscvcra]  l~o~lrs  totrzi~~crsc:i  cityl~y  car, so that tempcmil wmmtionsarc
rcquird.  lloth  11(X4M (llcal (;apacity  N4apping M i s s i o n )  and AVIIRR
(Advanced Very 1 Iig,h Resolution Radiomdcr)  data lmvc bum employed in
s t u d i e s  of the lJI1l  by IIcnry  C1 al. ( 1 9 8 9 )  ancl (iallo c1 ~~1. ( 1 9 9 3 ) ,
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r~xpcctivc]y.  ‘1’hc AV111<1{ data ha\Jc  a spatial resolution of 1.1 km at nadir.
compami mill]  600 m for Iiw i l(Ih4h4. 1 lcnry  c1 ~1/. clai]n  ti)al  tile incrLwc(i

sp:)lini  rcso]lliion  :]13(1  ovcr!}ass  tinlrs  01” Iilc 1 i(’h4h4. car]}’ al[crlloon  l(lr
low-i atitu(ic  sites, make this ciata more uscfui f-or heat islan(i  sta(iics  IIMN
AV1 ]]<]{. ] lcmy [)[ (//. CollC]ll(iC(i  that altimugh  Ii)c  {lUtO-tlil\’Cl’SC,  AV111<1<,
anti ll(; h4h4 tmhniqucs  prmiucc’ci similar pat[crns.  lhc absolulc J’alucs  of ’tbc
mcasurc(]  hcwt isltind \’aric(i  \\idcly. 111 ollc L’xalllp]c,  tile prc-(iam’11  va]uc
of Ihc heat  islan(i  (icrivr(i fron] [Ilc satellite da(ti  \wis 9(’(’.  \dlilc that from
Illc allto-lravcl’sc  Inctil(xi  \\fas  3[’(’. “1’hcsc (iiffcrcmccs may bc a rcsu]t  of
mcasurcmcnls at (ii f’fcrcnl  (iates  211(i  tinlcs.  althoug,h the ]llctcor[)l(~p,ic:ti
cm](iitims,  in ]):ir[icl]l:]rl~~illci  spcc(i. \vm similar. 1 lcnry  et al. at[ribulc  lhc
diffcrcncc 10 the hcip,ht at \\’llich  mmsurcmcnts  arc obtained: Ihc auto

t r a v e r s e  mcthi  mcaswcs  sub-roof’lop {rtmiwraturcs. \\iwrcas Ihc satcl]itc
ciala arc rcprcscnt:ilivc  of tile ra(iialivcl}’  active  surf’acc that may bc al or
Obovc tile rooftop.

‘1’IIC  rcslllts  of” (iaiio (’/ (//.  (1993)  s h e \ \ ’ c ( i  t h a t  111(’  a m o u n t  o f

variation in A7;,,,[, (urban  7;,,,,, minus  rurai 7;,,,,, )  cxplaineci by the satcl]itc
(iata, either in Icrms  ofsurfacc tcmpcr:iture  or \’cg,rtalion imim, was only
2?0/0 Ii)r all weather stations or 440/0 for wcat]lcr  stations cxllibiting  less
than 5(M m elevation (iif’fcrmcc. .Althouyil  lhosc cities with the greatest

!’ -.CL;lltl’ilS[  ;11 grCCll  l,’’L’~U[[~!li>!l  .)L l\~.;C~Lil ::i Iklil J!id  I“lii”ii!  qll-v’ji’GIli?lCi?lS  110(!  l!lC. . . ..- ,

grcatcsl  c~nlrast  in A7j,,,,, tllcrc \vas m u c h  scatlcr  in tile (iala \d]cn A7~,,,,,
(mcasunxi  at \vcati~cr stations) \Yas plottr(i  ~igains( A7~,,,l,,vc (]ncasurcxi  by tile
satellite). lIo\\cvcr,  (iarstanp,  c1 al. (1975)  point  out (hat s i g n i f i c a n t l y
differcn~ urban  hc:it  cxcesscs  m a y  b e  mcasurd  for ti]c s a m e  Imaic on
(Ii ffcrcnl  (iays for which mctcorolop,icai  comiitions  arc similar. A simil:ir
stu(iy was carric(i  out by (kscllcs  c1 al. (1991)  using  grouncl t e m p e r a t u r e
mmsurcmcnts  ami NOAA  sa~cliite  ciata. ‘Illc Stll(iy  oftilc e f f e c t s  Ofurb[itl

air pollution 011 the atmospheric h~>at bud~,ct  has implications for ollt
uncicrstamiing  of both weather  (i.e. shor[-tcm local e f fec t s )  ami clima[c
(Iong-tcrmglobai  cf’fccts).

5. Models

5.1 Statistical models

Many cw]y  attempts to cicxuibc  ti]c (1111  phenomenon U)crc statistical.
Stat is t ical  mdcls  imiicatc  the sensitivity of the heat islami 10 various
parameters, not ncccssarilythosc  physica]iy  responsible fortllcl~l](icrlyillp,
calm. l;orcxample, Sllll(it>org  (1950)  rcl:ilc(illlc  stlcllgtllo  f’lilcl lc:~tisl:il](i
tO CkdilK’SS,  Will(i SJ3CC(i,  tCWJWl[ltllrC. an(i  ~vatcr  v a p o r  p r e s s u r e . ‘1’hc
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rcplrcssion parameters for bis jj( difj’crcd  for nipht  :ind dav solutions. ( )ii L’
( 1 973)  paramctcrid  Ibe urban  - I“llllli tcmpcratm’c  di ffmncc  in (CI’lll  S oj”

1,Il(lwip,  an{l Kcal~Jll;i [1 968) iclatc tbc maynillldc  of :i 111 I I  i{)[s11 v \i’/f,..
both city size ad upwind  rural lapse 1 ate; and Sumlncrs  (1905) relates
potential tcmperalurc diffcmncc  to city size. bral Iclmsd f r o m  tbc city
surface,  air dcnsily,  aIld uplvin(l  raral  ~~in(l  s p e e d . IIc’ showed  Ihat Illc

m a x i m u m  hml island effect as :i function  of city sim \Yas (ii ffcrcnl  for
North  American :ll~(ll[~llc~l~c[ttlc itics. il~(licati[~gtll~itotllcl  ]~:ir:ill]ctcrs,stlcll
aspassivc and aclivc  :~lltl~lol~(~~cl]ic  beat pcncralion.  \*’crc responsible. okc
am] llannc]l (1970)  sllggmtcd  thal Ihc c r i t i c a l  \’:iluc of the \vind s p e d
above which the beat island \~’ill not forln is g,ivcn  by

ucri,’ 3.4 log)’-  11 .6 , (?)

}vbcrc 1’ is  populat ion and U is \’clocity in m/s, S b c a  ad Aucr  (1978)
dcri\’cd  a linear drpcmlcncc  bct\\ccn  beat  island intensity am] \\ind speed.

5 . 2  ICnergy ilux  balance

l;(>I cxm\mliencc, solar  and [mcstria]  r a d i a t i o n  arc Scparald  a t  O
. ..!.4 ..1 .>. .11 “! pin,,v’, ,L*L, A&,  c,l ;’. ‘: ].i:lto I!IC :, lort-\\’a~Jc and t!iC lc)llg-t~,’avc  j-JCJrtlO13S  of

Illc Spccllllln. in Ihc shml-wave portion, the source  is tbc direct solar
radiation and scatlcring, is important b}’ p,ascs. c louds ,  and acmsols.  11) tllc
long-w;ivc  rcp,ion, the soLIIccs aw thcrm:tl  radiation from the surface and
isOtrOpic  11< cmissiOn  f r o m  Ibc atmospbcm. Raylcip,b  scat(uin[~,  i s
ncglcclcci. o n l y  f i r s t - o r d e r  scattcrinpl  by acroso]s  :ind cloud  partic]cs  is
importanl  in the IR. ‘Ihc 11< miiation  is trapped  by air and p o l l u t a n t s .
particularly by aerosols, \\hicb  may form an inversion layer  o\cr a city.
‘Ihr surfwx  (ground  plus sWIclurcs)  boundary condition is dctcrmincd  from
the poww balance ofso]ar radiation reaching the sarfacc, con(iuction  in~()
the surface, ilcat  storage below tile surface. anti rc-emission from tile
Sill’face. ‘1’hc  cocfl>cicnts  1’01 albc(io, 11{ cmissivity,  llcat  caJlacity,  a])(i
comiuclion  play a majorroie  ill tllis(ictcllllitl:itioll. l):ir:imctcriwi s[amiar(i
\J:~]Llcs  of acti\~C :~llt]lrc)]~(~~)cl]ic l]cat s o u r c e s  h a v e ’  to bc aci(ic(i  tO tll  C

imun(iary  comiitions.
Soltlrl lVra(ii:itiC)ll( iissoci:itcsallci  iolliy,cs:tttllosj>llcric”  constituents

m(i  pollutants, crcatinc many  iligh]y rcactivc  spccics  wilb  absorption all(i
missi  On bands  in tbc 11< rcgio]l  Of  the spcclrum. l:or example, aii
llydrOcart)o]]s  at>sOrt)at](i  emil inlhc.  }.= . 3 . 4  ~[m  spcclrai r e g i o n  b e c a u s e  of

their (;-11 strctcil bon(is. ‘Ihc (’11, an(i (’1]1  (information lmn(is absorban(i
cmitat  A= 7.1 pm. Jl~l]iic  \\:itcr”\  ~l~>ol(ll  ~lllliciity)  i~~ilibits tllctral~sikr{~l’

[)



1 R radiation, smcral pol]ut:ints and in particular acroso]s  bl~mk the hig,h
I ranmission b\\indo\vs’ left (~pcm bct\\Icen the \\Iatcr  abso rp t ion  bands,
‘] ’lII,Ic f],f,lmi~:il !w,IIII1:III1<  ;II,A  :ItIf,WJIQ  ill lrtll!>rtalllrl’ i]~vcrsiOn  lay~l’s  Call

be vrry cffcdi~c additional sources in tiapping, I R r a d i a t i o n .

1 n general, i~)r radiative flax calculal  ions, lhc atmosphere is assumed
to tx horimnmlly  I)[J]]I():,cIIcc)lIs. \Vilh tllis:iss~ll]]]~lio]l.  the hcatinp,ratc is
related 10 the vcr(ica] gradient ofthc ~]ux

d7(2)/d/ ‘ [girl)] 111’’(2) /(11’(2) , (.3)

w h e w  7[2) i s  the tcmpcralLIIc al hcighl z,, g lhc l;arlb>s g r a v i t a t i o n a l

c(JIIstant.  ([) I!w  he:il  c:ipacity  at cmnstant  pressure .  f)(z) the 10cal  p r e s s u r e .

an(l  1“(7)  = /f ’l(:) - 1<(.7)  t h e  Hd radiati\’c  flllx. “1’hc  ne t  flux isthc  SLIIn  of

t h e  n e t  shor[-~v:ivc  [id lbc ne t  long, -\\Javc f l u x e s ,  \vhicl]  arc calcul:itcd

s e p a r a t e l y .  ]Icaling, occurs  bccausc  ofabsorplion  ofsbort-\vavc  rad ia t ion .
Ivhile coo l ing  occurs  bccausc o f  thr divcrp,cnm  of the n e t  lon.g-\\’a\’c
radiation. in radiative s(cady-state. Ihc a\’crag,cd ilLM divcrg,encc  is zero.
IIowcvcr,  heat  Inay bc convcctc(i  or carried  by la(cnt heat  oi’\ajtoriz:itiol~,”
and a complctc  mode] must include these terms.

in  Ibc v i s ib l e ,  bccausc  both Raylcif.h  scattcrinp, and scat(erin:,  by
:;ci{lS(JiS  d~l:i  Clolld  S :!I”L:  ;J’:l;>[)l!a]:[,  [Ilc ra(!iatioll ll”alisi’c!”  mus( inclw!c
mllltip]c  scal(cring. one mctbod  dcvclopd  and tl]omu~,bly tested is the
discrde  orclimlcs  mdlmd.  i . e .  an n-sltcam  a]l]~loxi[]lzitioll  [Stamncs  c1 ~[1.
(]988) ‘lSay (’/ (1/. ( 1 9 9 0 ) ] . ‘1’hc physical pmccsscs include thcmal
emission, scattcriap,,  absorption, and bi-dircctionat  rcflcctim at the lower
boundary.  Acli\rc:i~ltllro~  >ogc]licllc:tt”  so~lrccs lll:iyt~c  illclll(]c(l:ls \\;cll.  l;OI’
computational cf’ficicncy, j>ar{~Tllctcriz2ilioll  ofgascous  absorption is rcc]uircd
whc.)1 calcu]atinp, ra(iiation  Ir:insfcr ilicluding  scattering. Onc such mcthd
is cxponcntia]  sum ljttin~  of’ li’tlllslllissi(~lls. 11 :ipproximatcs  transmission
f u n c t i o n s  o f a  gi\cll spcdral  rcp,ion by a jjnitc  SLIII1  ofcxpo]]cntial  Iwns

7;1(2  /)’ ~ lt’icxp(-hili)  . (4)

wbcre  Y;l isthc  band transmission, utbc absorber amount  (column masspcr
unit area), /Ji the equivalent dmrption  cocfficimt  (cross section  per unit
mass )  in the i’” wavcnumbcr  illtcrval,  ami }iIi the w’eight oftbc i“) interval
[’I’saycl  [il. (1990)1. "lllisl  llctll(~cli  sals()c  lll]310yc(lf  ortllcL  3:illdllloclcl(>f`
water vapor Iincs in tbc 11<. lkwausc the mponcntial  terms  bcb:tvc exactly
Iikc Ill(lll(lcllrolllatic optic[i] d e p t h s ,  t h e y  arc e a s i l y  incorpomlcd  into
multiple scattering schcmcs,  altboug,h  pseudo-grcy continuum absorption
coefficients  must  be includcct  to ircat  the overlap  from absorbing, p,ases.
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‘1’]]c  sets Of cocj’ilcients,  b, :111(1  ~{,, for gascmus transmission by 1 I?(). (’O,.
OT, and 03 have bum  tll)taind  by iittin?  the 1 ,OW’I’l<AN [lo\\-)csolll[ic)jl”
Irr,llc,pi<<i(,l) 1(1)(+/\~<  {,! (/1, ( 1 OR Q)”I {’1.111 (’1;011<  \\ifl>  70 (.11). . . . . . . . . . . . . . . . . . . . . . . . . . . . -, “1 <nrctral itllt’l”ir:il<

[ Wisc0mt3  ( 1  977) S]ing,o ~ald i;hreckcr  (  1 982) \Visco;nl~  al~d l;\mns
( 1985)’1. Narro\l-t3and  modc]s  (resolution <1 (N CW 1 ) and other broad-band
modc]s  (resolution >> 100 cm’) arc av:iilablc. llig.11-lcsc)l~ltioll  at)sorplion
cocfllcicnts arc available ill the 111’1’RAN database,  but l ine - t~ \ ’ - l inc
calcul:iticms arc usually  not carried 0111. 1,(>1~’-jcsollltioll  models have  lXXII
compared lkitlllligll-rcsolllti(~ll  litlc-[2y-lilicc  (~Illl>tlt:tliolls~  (Jrlllc  I(U1{C(;M
project  (\Vorld  h4ctc(~lol(~g~,ic:il  olg;tlliy:iti[)ll. 1984).  Some lol~-l”csollllic~ll
modc]s  compad  favorably with li]lc-t)y-line rcwllls for slan(iard  models.
‘]’]Ic SO]:II SIKtl’11111  lllCaSLltC(]  by ].:lk aIl(l ~CCkC] (1968)  :111(]  Ncckcl  :111(]
l a b s  (1984)  isoftcn uscxl  for input.

‘1’he  most important atlnosplmic  Iadiatols for 11{ cooling arc WYIICI
J’apor. carlxm  dioxide. aml o~t~nc. ( )xygcII  is a minor  absorber, IIecause
spectral line-tl}~-litlc calculations arc computer  intcnsil’c,  computations aIc
gcIlc12illyc:irlic(i outlvill~ paramctcrizcd  mdcls.  IIowcver,  intlw prscncc
of clods or mroso]s.  [hc 11{ flux is in flucwcecl  by sca t t e r ing  as  will as
gaseous transmit(ancc. l;or the 11<, only fjrst-order scattering must bc
considcrd. ‘]’]1~ IlloClc[ of ];]]ill~s{~ll Zilld Scl’[tfjll(l  ( 1 ‘)84) C~lll  13C  LISCd to

{“  “>”’<’  f{;i  ~ i r s [ - o r d e r  SCdl!C! i~”i~  l-)j;  :~C:CjSQ]S  Qf gj~Cl}Lxm]mk  CCJI’i’CC.ll  Olj  L& 1  ,,,.,

o p t i c a l  dcplh  for par[ly  cloudy  or lM7,y almosphcms  and (I1c m o d e ]  o f
IIlingson  and (iillc(1978)  can hcuscd forclc:ir  sky flLIx calculations. ‘1’hc
TICt jlUX may h oblaincd  l>y s~lllllllil~p,  Ic]:iti\JC]y  fcw t)a]lds,

l):irall)clcli~:ltiolls  cLmcntly  used in lhc (iwcral  (Circulation Models  (GM(s)
arc those of. (loll  ( 1 984) for the transmittance of lvatcr  vapor, (’hou  and
l’en:, ( 1 983) for carbon  dioxide, and l<odp,crs  ( 1 968)  for omnc.  ‘1’hc Mater
\’apor continuum from the far u’ings of spcctr:i]  lines and from wIteI (iimcrs
\\as paramctcriz,d  b~ (’hou ald Atking  ( 1980. 1981) .

l;lux calculations in tk 1 f< arc straigllllk)ltvat(l for clear atmospheres.
twcausc  the source is simply the l’]anck  t>lacktxdy  radiation, 11,,(7’), ad
Raylcip,h  scattering can bc ncp,lcclcd. ‘1’hc Illol]ocllrolllatic”  flux is

(T
I{;(T) ‘ Qn /l,,(Y\)  ]13(T{,-T)  -1 2n I B,,[Y[T’)]  l; JT’-T) (h’ , (5)

J T,,

where II;, and 1,’3 :irc the second  ad third cxponcntia]  integrals, rcspcctivc]y.

1 lowcvc~,  in Ihc ]mscmc of clouds  and :icroso]s, the 1 R jlux  is in flucncd
by scattering ad p,aseous lrmsmitlancc,

With the addiliol~ of acmso]s  or clouds. the net ilux  into the surlticc
troposplmc  rcgim can e i t h e r  incrcasc  or dccrcasc,  dcpmcling  on t h e
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acroso]  propcrlics and thrir  \.c I lical  projllc.  l;or Ilollcollscl.\’:lti\’c  scat tcrin~..
t]lC S i l l ’ faCC dwayi  Ioscs  sOI1lC  SO]:I1’  i;uX. AltlmLIgh  I]IC ]O1l~.-W:{\rC  CffCCt ()~’
nr!nmlq  i< cxpfylrd  in lW OIIl\I ;jbr)IIl  300/0  {~f Il)ai ill lllc visiblr.  i i  m a v  hc
sip,nil;  canl. l:llinp,son and %mifino  ( 1 984)  conclmlcd  that  the r[it; o f
tcmpcr:itarc  rise (iuc 10 Sabaran  aerosols \\Jas ~/7Y~/[ = 1 O(’/day for a 1 ?3 ml)
layer containing most of lbc aLxMJls, comparable 10 the clear tropical sk!’
heating, duc to wa(cr  Iwpor :ibsorplion  of ().5 km. Radiati\c Ilcatin:  ralcs
for acmso]s may bc lCSS than (). ?O(’/day at the same time forcing.  convective
heating, rates t\vicc as ~.rcat,  accompanied by chanp,cs in \’crlical \clocilies

(Ramaswalny, 1 988). IIccausc  tllcrc is s~~mc cancellation bctlvccn  radiative
cooling  and convcclivc  bcalin[~, it is importanl  10 consider convcclivc  heat
transfer as \vcl I. ‘1’hc radi:it iw - convccti~c  response may 1X c\aluatcd  by
j~:iratllctc]iz,i]lg,  lhc coa~rcctive response as a di I’fusi}c  pmccss [ l{amas\\Iamy
and Kichl  (1 985)1.  in p,cncrai.  dynamical cooling,  duc to uplif[ is small and
C[ill  bc ncglcctc(i. ‘1’hc effect of tbc hydlolop.ica] cycle  is  obviously
impor[ant  in the tropics. but need ml ncccss:iri]y  bc considcrd  for mid-
Iatitudc  urban  s i t e s . Moistl]rc  r e l a t e d  c~’fccts  can only bc propcr]y
con.sidcrcd  wilb  tllrcc-(li]]lcllsicll]:il  modc]s.

‘l%c d’feel of clouds  on radiative transfer is an active area of currcIIt
rmcarch. l<eccn~]y  it has been SI1OWJH Ihat Ihc transfer of visible radiation
ilm)ll~h  C!(wds  dcpcm!s  01”1 S m a ! l - s c a l e  S!? ’uc!llrc “‘$~~~!~l~~  ~~~~  ~j~~(.!s, J‘1,.:.1 !,>
irrcgul:irily  can bc handled by stochastic radiati~’c  transfer mctbods  I 1 l\ms,
( 1 993) Malwip,i [’f (//. (1 993)], however, these approaches arc very computer
intensive. A ]~zil:illlctcriz:ilic)ll  of multip]c  scatlcvins,  through a part ly cloudy
atmosphcm  is being, attempted by Malvap,  i ct {//. ( 1993). ‘1 ‘he’ effccf  o-f
broken clodincss  on 1 R radiatiw Iraasfcr  has been studiccl  by Killcn  and
lll]ingson  ( 1 994).

Acmsols arc oflcn  charactcriycd  by tbcir  radiati~c  pmpcrties  a s
Ivatcr soluble,  sooi. sulfuric,  dust- ]ikc. an(i mar i t ime .  o r  a s  u rban .
cwnlincnta],  and maritime. ‘1’hc sillglc-sc:ittclillg, albcdo  and asymmclry

paramclcrs of Ihcsc h a d  calcgorics  h a v e b e e n  staclicd  by lwrious
mcarcbcrs  [Carlsonand  (livcrtly  (1977) (~arlso]l:l]l(l  l]c]ljailli]l (1980)  l{ao
c1 ~~/. (1988) Ackerman (1988)]. Sinp,lc scatlcri]]g  allxdos  and asymmetry
parameters for dcscrl  acmso]s  arc g,ivcn  by I,onglin  (1988). Volcanic and
arctic, aerosols  h:ivc been cxtcnsivcly  studiccl bcc:iusc of tbcir  potentially
]arg,c impact cm climate. Maritime aerosols :irc routinely mapped by the
AVIIKR satellite, and ctcsert  aerosols WCIC studied during, Ihc N40NI:X
c a m p a i g n .  llowcvcr,  urban aIIct  c o n t i n e n t a l  a e r o s o l s  a t e  nol retrieved by

ILar[h-orbiting  satc]litcs  bccamc the groutd  albcdo  under the oJltical  path
is unknown, mhcrcas  IIN al bcdo oftbc  oceans  is well-known and dots
change with seasons. Ice and snow covcrcd  rcg,ions  :irc also avoidd



sa te l l i t e  rc~trieval  bccausc  ofpmblcms  over  arms l!’itll  hip,h ground  albcdo
and collfllsion  bcttvccn  sno~v  cc)vcr  and cloud c{)~’cr.

5.3 ‘1’urbulml  mixing

l’ar(itioning. of the radiative su rp lus  or dciicil  bctwcell  the soil and air
depends  on the lcvc] ofturbu]cnt  activit~r, and the partilionins  ofturbulcmt
t ranspor t  ofhcat  10 the air bctu’ccn  Ibc sensible and latcnl  fOrms  dcprnds

on tlw  awiilability  of moisturL’. ‘1’hc ratio ofhcal  transport  bctlvccn  Ihc
scnsib]c  and latent forms is calld IIowcn’s  ratio,  [i. ‘1’ypica]  mm] WI ILICS

Of [i arc in Ihc range 0.4 10 ().8. lf the surhcc  is wet  and (k cvapOraliOn

is al the potential  ra te , t h e  lwluc Of [3 is aboHt  ().3, but O may  be 1.5 or
g,rcatcr for dry conditions. h40istutc  a~ailabi]ity  is  thercl’orc the primar)’
cri ter ion in (lctclj~lil~illgtllc  ty])cofhc:it  [Iansport.  Advcction  may  it]crcase
transport by latmt heat above the potential rate. 011 thc[)thcr  hand,  paved
areas.  buildings.  and dcsms alc charactcrixd  by a ]ack  Oflakwt  heat  flux.
111  I1lC ‘urban  canyon”  c(~mposc(l  Ofa  pave(i  s u r f a c e  with  b u i l d i n g s  On t\\O

sides,  the turbulent  t ransport  of heat i]]to the air is  a lmost  cntire]y  by
scllsiblc  heat. \VhNl turbulence is suppressed. the hcatin:,  can be dcscribd
:!s (be divcr~cmcc o{thc radiative flux

377(3[ ‘ (Ilpcl,)’wa?  . (6)

‘1’his somdimcs holds  al ni~ht,  cspccial]y  in a stagnant  urban canyon.  In
gcllmll,  however, turbulence  is  cnhanccd  Ovcr  cities bccausc  Ofthc  larg,c-
scalc  muglmcss.

in the prcscncc  of turbulence. Ihc variation of potmtial  tcmpcraturc,
O, with hcig,bt call bc described by H collscr~ation  equation

do/d/  ‘ (wii “1 v’vo ‘ i?(A’},wtk)/&  -1 >;,,$,  , (7)

w h e r e  K11i30/dz is the ilux  of scnsib]c  heat, the ecidy diffusivity,  A’, is
cmmmmty  dcrivd  from mixirig  length  theory,  and the ,$ are other sources
suc.b as lalcnt  h e a t ,  raciiant,  ancl aclivc  antbro]x)gcnic  s o u r c e s . ‘1’hc
diffusivity  can a l s o bc de r ived  f rom turbulcmt transfer  modc]s  or by
cmsidcration of]ocal  stability. Apparently the choice of (ii ffusivily  proii]c.
K ],(z), is not critical 10 determining the profi]c  of potential tcmpcraturc.

‘1’hc prediction of surfwc  tcmpcraturc is obtained by considering the
energy  rate (]mwcr)  ba]ancc  between visible plus atmospheric radiation flux
plus artificial heat sources at tbc sLlrfacc, an(i rcradiatioll  from the p,toulld
plus latent and sensible heat fluxes (similar 10 cq. 1 )
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-1 (’:>h’:;(13v13  -’) (8),—

tvhcrc  the sukripts  -1 anti - nlcan  that  the gradicnl  is cvaluald  abOvc  a n d

1> C1OIV  the surface. rcspcctil’cly. ‘1’hc  Othcr,  prcviOusly  undef ined.  symhls

]ncall  : Ks, IIIC IIC:II d i f f u s i v e l y  cOcl’~lcicnt  of Illc s(~i];  x,,, ~l~c (~ifftlsi~,ity

cmfflcicnt for humidity: XII, t h e  heal  dif’1’usi~ity  fk)r Ihc a[mOsphcrc;  1. the

lalcnl  llcat O f  \valcI;  ( ‘s, tllc heat capacity Of the sOil;  dq/dz,  the h~lmi(iily

p,radicml;  U. t h e  gyOuIld  albcdO;  II;, Ihc I’isib]c. i n c i d e n t  r:idiatiOn  flux;  1’[[<,

Ihc 11< r:idiatiOn  ~lux al the surl’ace; ancl  f. internal (acti\’c anthrqmgcnic)

heat SOUI’CCS.

5.4 l)ynamical II)()(IC1S

l)ynamica]  modc]s  s o l v e  t h e  cqmtions  for Ihc f]ow and tcmpcratutc
]}crlllrl}atiolls:  irc)tlll(l  a heat island  ~lsillp,  collscl~atiollol’l  ]lass.  mOmcIltam,

and cnerp,y,  Ihc cqaatim  O f  s t a t e , t h e  Nwicr-StOkcs  cqwttiOn  fbr t h e

mOlicm,  and Illcrlllo(lyllalllics. ‘Iypically.  diakitic  hcatiag  isinltduccd  a t

t h e  s u r f a c e  [cf. olf’cand  Icc( 1971)].  l)yll:illlic l]lo(lcJsg  c:lcl:lllysc  )lIclllc
.-.

a(i-v’CCli Oii - diffulsie))l  Squat:.,  n:; [;slng i): I:!c dI“,-l ‘ffc’;umx SC!lmc$,,  d(!lmg!?
simplific[i  mdc]s  haw b e e n  solvc(i  a n a l y t i c a l l y  [ c f .  lhik  (1992)j.  ‘1’hcsc

mOclcls  assun]c  that  Ibc [ii ffcrcnccs  bctl~’ccn urban and r u r a l  n e t  radiati  O1]
arc ncglig,  ib]c, aIKl that  hca[  transfer is solc]y  thmug,  h sensible heat  flux,
olfcand  l,cc(1°71)  asslll]lc(illlat  tl]csllrfacc lclll]lcrallltc  ]lcrtLlr13ati()  lll$tls
prcscribcci  by a sinusoidal fanclion;  in adciition  10 using  a sinusoicla]  hcalinp,
function  Richiar(ionc  and IIrusasca  ( 1 989)  usc(i an cmJ3irical  fom of Ihc
horimntal  healing function. l;orcing  may bc introduced [ cf’, l<ichiardonc
ami IIrusasca  ( 1 989)] by means of a buo~ral~cy illlx, B(.l-.:,l), rclatcxi  10 tile
scnsib]c  hcdt ~lux by

B(X,ZJ) ‘ l@,.7,/)/([)p(’,,) (9)

‘i’hc tilcrllloci~~l]alllic  potential tcmpcratarc ]xxlurbation,  (l(x,z,l), is Jwit(cn
in terms of’ a buoyancy flux

Whlx

?) ‘ g“ [()(.Y,z,/) - O(x,T,())]/()(x,  o,O) ‘ (J)’/d2 . (11)
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}/(.Y,Z./)’ yA(/) B(.Y)  (’(:./) . (]p)

W’llcrc  (’(:,/)  dcclcax’s  froln a  Valw’  o f  1 a t  tllc p,roulld  10 7CI0  at Ihc top,

and i s  d e r i v e d  f’ron]

XAOi/XAoi:  (’(k- l. Az,I)  . ( 1 4 )

]hik  (1992)  solved an equivalent  tllcll~~odyl~al~lic  cncrp,y  e q u a t i o n

by inlroducin:,  a hcalin:  fllnclion.  q, given by

wbcm  q,, is lhc ampliludc  of Ihc h e a l i n g  i’unclion,  ,f~x) is a (iaussial]
fumlion,  and g(z) isa lincar]y  dccrcasinp  funct ion ofz.

h i s  cquivalcnl  Illcrlllo(ly]l:tlllic  cqmtion  i s  g~,ivcn  i n  t e r m s  of
potcnlial  Icmpcmturc  jlc][ll]l}zlli(~]],  O. as

(/0/(/! -1 f\~-’ If ’/g  ‘ (),, g/(c,,7:,)  , (16)

w h e r e  1;  is lhc bas i c  state tcmpcralurc.

I{ichiardcmc and llmsasca  (1989) concluded that the atmospheric
stabiliiy  ant] the ratio bctw’ccn urban and rur:i] scnsib]c  beat iluxcs  :it the
~r(~~lll(larctl]cll~ost  important  factors  il~fl~lcllciI~p,  ~lrl~:ill  circ~llatiol~,  ki]lctic
energy production, an(i heal island intensity.

Rcsu]ts  show a  cmvcdivc  CCI1 ccnlcrcd on the h e a t  island w i t h
subsicicnm  illlllc sllrlollll(lillgc  otllltr)~~$ritll  polcntia]  lclll]3crat~lrc:illor13  alics
following the cily out]inc. When  wincis arc inclu(icci in the mode] [Ilaik
(1992)] the (iynamica]  mo(ic]s show  that the region ofuplvar(i  motion  is
(iisplaccci  {iownwin(i  of the heat islami with ciownward  molion  over the beat
isiami itself. ‘lhc (iispiacc(i cmvcction ccli cnh:inccs  prccipitaticm
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down~vind  ofthc beat  isl:il~d.  lhik’s m o d e ]  \Yas ab]c to pro(iucc  ban(is  of

posilil’c  and nega t ive  ~elocity  ]>cltl]ll>:~tiolls,  dcsccndinp  motion  over tbc
1}~.nl i<lanfl and ;Iscrntlin: mnlion  (~tl Illc (i(~wllstrcalll  si({c.

111 IIlolcrc[ilisticllloclcls,  heat istransportcd  from Ibc surfacctotbc
atmospllcrc  by lllrbulcnt  tlwr]nal d i f fus ion  proccsscs. h40dcls includinp
dctai]cd  l>o~l]lci:iry-l:iycl  ph)’sits arc the tllrcc-(lilllcllsi(>ll:ll  mcsoscalc  model
of IIiclmfc]t (1982)  s imulat ing tbc effects of tbc city OH bo~ill(l:iry-lztycl
airfl;lv, and lbc t~l’c)-clilllcilsic~ll:tl  mmoscalc  mdcl o f  IIyull ( 1 9 8 7 )
simulating lhc urban mixed layer. ‘1’s0 (’i (//. ( 1 9 9 1 )  Sho}vcd that  b)’

intrmlucinp, silll]>lifyillp.  :issLllllJlli(Jlls  in tbe surface  energy t):il:lllccc(l~l:itioll.
an analy(ic  solut ion could  bc found. Aludytic. al solut ions arc faster and
simp]cr  lbm numerical  solulions  and caIl of[cm pmvidc  fycatu  insig,ht  into

t h e  pmblcm. ‘1’hcy  found lhat thcil a n a l y t i c a l  r e s u l t s  for surl’acc

tcmpcraturc  Ivcrc within  2.30/0 of numer ica l  rcsu]ts,  dlc diffcrcnm  in
lna~gnitudc being  only about  0.50(’ at tbc maximum.

S.5  (;hcmical air pollufion  mo(lcls

IN addilion  to normal  atmospheric constitacnts  (N?. on, (’()?. 1 l?()) and incrl
c,ascs. ~lr~>al~ air c~ll~aills  ]]l:IIIJ  po]]~l~a))~s  that co]llc 1;”0111  llig,ll-tClll]3  C1[itlllC,:
rojj~{>L]:;!.jo~”I”  l&’:;~ti~}::f,  ,.ll, ! <)i~]cl-.,, ,.. :~l]ll}lo]-;r]g,cllic  sources. !’hc,!olj’tic ~ ;},-.:

gas-phase reactions transform tbcsc spccics  further into a plethora of
atmospheric constituents. Solar radiation drives much of IIIC
llollc(]~lilibritl~~l  c h e m i s t r y  of the atmosphcm  throup.h  ]>ll(~t(}cllclllic:tlly
initiated proccsscs. ]n tbc daylimc,  tbcsc pbotolylic  rcactio]ls  alc ~’cD’
important in forming bip,hly  rcactil’c  radicals. ‘1’hc Collscqucncm  Ofthc
photocbcmical  cbang,cs  a r c u l t ima te ly  dccidcd  by tbc relative ralcs  of
compctinf,  chcmic:i] kinetic rcaclions,  mat]y  of w’bich arc very scnsiti~’c 10
tllc air tClll]>CHltLllT. h40s[ culrcnt modc]s consider amosphcric  chemistry
as a  function of  solar  Ycnitb  mglc ad the nlra}? air tcmpcraturc. An
intcrcsling  connection is tbc investigation of pollution chemistry as a
function  of tcmpcraturc  variations about  tbc mean temperature and tbc
long-mlgc  cffccls  of rising  mc:in  tmpcraturc  a s  i n d i c a t e d  by Ihc (1111
Cffcct.

Wc approached this pmblcm  in a three-stage cffor(.  II] tbc first
pbasc.  ~vc compiled tbc database for tbc reaction nctwmk from several
litcmturc  soLIrccs  combined with data from our group.  SJlccial  atlcntim
~\’as]>aicl  lotc]ll]>cralllrc  clc]~cll(lcllcc:il~d  lllccocfficicllts,  ~1, ll, an(i~’in  tbc
Arrbcnius equat ion ofthc  p,as-pbasc  chc]nical  r a t e  c o e f f i c i e n t s
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‘1 ’ab le  1  p,i~cs tbc ratio  of the Iatc cocl’llcicnts  at 7’ ~ 318 K 10 those  at 7’
~ 2’78 K h a jk~~ samp]c  rcactiom. II) the s e c o n d  p h a s e .  o u r  chmical
~ill~l.ic< rOIm:IIItrr  [so(I[. l\;Is :III:I!>l(’[1 {0 Illt’ prcJhlcIu al bal)d. ‘1’his inJolvcd

primari ly Ihc addition of an ad~cction  term. ‘1’llc adaplcd  CO(1C \i’as
wilidalcd  by compating, r e s u l t s  \\ith olhcr  models  al a spccilic  m e a n

tcmpc’l”alllrc. III the [bird phase. IVC invcstip,atcd the  re/(l[il’c  cfl’ccts  o f
tcmpcraturc V a r i a t i o n s  o n  the c o n c e n t r a t i o n s  of p(~lllltzlllls  Llsiw
tclll]lclatLlrc-(  ]cl>cllClcIlt  rate cocfl;cicnts.

‘1’~[I]c 1, Ard)cnius  cocfljcicntsfor  sclrctcc] tclll}Jcr:t[L![-c-({  cI>cr]c{cr]l rc:tcticJtls

l{cac[ion”
--------------------------------------  ---------- ------

1. 011- I (’()

2, 0 1 1  -1 11?(:()
3. N O - I  N(+

4. 1102 N02-1” M
5. N20-1  M
6. ()(31’)-1 (’113(::
7. C117(QN(L
s. (’1130 -! (?,’
9 .  011-1 (m~?(:l

) (Y)? -1 11
- >  IIC()’I  1120
} N() -! h’().  I (),
- >  110. -I N()? -I hi
- > N(); -1 N03 -1 M

10 - } (’11;(:() “1 011
) (:113( ’03 -t N ( ) ,

>  !!( ’11!)-/ !10.
-  )  l)dllcts

10.  011-1 (’111’2111 -> l’rmlllcls

“) l’rasacl  and 1 IUlltrcss ( 1 980)
1’) Atkinson and 1 Ioyd (1 984)
‘) NclsoI~ (t (/1, ( 1993)

/ I (’ k318/k?18  ]{ Cl.

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

7JX](  )-13 80 1.04 il
(). I I ~,fo 1.12 {i
0-’4 12,30 1.74 b
0’”’ 10418 112. b
0’4 10655 124. b
@1 I 986 1.56 b
0’ ( ’ 13543 458. b

j ,(,ry !()”~’  ]300” j .&~I i>

1.2xlo-’(’  1650 2,11 c
7.8 XI()-’3  1300” 1.80 c

III these reactions h4 indicates a cat:ilyst tvhicll can bc any neutral
[iir molecule. ‘1’hc inwsligalion  of Ihc cfi’ccts of tcmpcraturc Variations on
urban  air pollutants yields two important Icsults: (1) Chanp.cs of I1lC r’atc
coefficients for many  air rciictions  throughout the range 278 < 2’< 318 K
show  large variations. e.g. rcacti  On 8 chanp,cs  by a fadm Of 1.80. rcacti  On

4  by a factor of 1 1 2 .  and r e a c t i o n  5  b y  a  factoI  of 1 2 4 . ( 2 )  ‘lhc

invesligati  On Of the rclaliw cf’fwls of tcmpcraturc v a r i a t i o n s  on IIvs
concentrations of atmmpbcric  pollutants has shown that lcmpcraturc
variations arc, significant in the  :itmospheric  c h e m i s t r y  o f  urban
cnvimnmcnts,  particularly for the imJxulant  minor  constituent, omnc.  1 n

1 M is any nculral air molcculc. The cocflicictlt  II it] the f\rrhcnius  cquatiot~ is zero for the reactions Iistcd here.

Rcac(iol] i’ (pcroxyacctyl ni~[alc,  or I’AN) dissociates thc[mally.
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k lISA, Ihc ],]1~’iro]~l~~e~]t[~l  l’rotcction  Agency (111’A) has cstablishccl  air
clcanlimss  guiciclincs for 07011c co]lccl]l][iti(~r]s. At 80X 10“” parts  of omnc
ill ril~’  air an ownr advisort~  i s  issl]cd  wit}]  sll[}qcstion<  fOr curbin!  tbc

i)uil~iul] ufu/(JIlc. If 120xi O-w ~JdI iS (Jf LJz\llIL’ CII”L i~dL;iLCt.  ~ii Z!C~i  ;S ;.$SiiCC;.

1 f an urban  area has four OX)I)C alws in a Ibrce-year  period. it is labeled
a ]lc)~]-altailllllc~lt  city  ad tk l{})A cnf(mcs strict air cplality  con t ro l s .

SOmc  important rate coefficients for the pI oduction  and destruction
o f  oz.onc arc prescnlcd  in l:i~. 1. (hnc conccntratim  incrcascshy  about
6% for a cliurnal  tcmpcraturc incrcasc  of 1 W’(’. ‘1’his small relative c.ban~c
m e a n s  t h a t  intcrprclatims  of tbc a b s o l u t e Incasllrclllcnts  o f  Omnc
conccntraticms  must bc normalizcc]  with mpcct  lo lhc air tcmpcralurc.

Thmfwtt.w  [K] lanperat.re  [K] Nsnpcm.m  [K]

oz.ollccllclllistly  ill thctroposphcrc:
] ‘rocll@gt~: hr<), .{ /,,, > () -I N() (1 s 400” 11111)

() -}’ (). -I h4 ~ > (), -1 NI
011-1 (’() > 11 -1 (’().,
11 -i ()? -I h4 -> 110.-  hj
llo~ -1 N() - > 0 1 1 ” -  NO.
--.--------------  ------- .----_---.---

Net: (:() -1 202 “1 I?\’ - J (’07 -1 (),
!Icstrugtioll:  (+ -1 hl~ ~ ()(11)) -I  t)~(lAL,)

()(11)) ‘1 11?0 -> 011 ‘+ 011 ~
1102-1 03 - ) 011-  ?07
011 -! ( ’ ( ) -> 11 -1 (’().
II-1 00-+ h4 -> I1O?-:  ~4

(2. <400” 1)111)
(k <310  1)11])

-----------------------------  -..-----
Nc,: (’() -1 0, -1 h’ - ) (’07 -f 0: (2. <310  nm )

‘Ihc more (JV (). <310 nm)  is b]ockcd.  the less (+ is des t royed .



5.6 Coltll)in(’(]  lly(ll”()(lyll;l  lllic, l< fl(]i~fjoll, ;11)(1 chemical 1110(1(!1

‘1’IIc [ if 11 d[~fllc i s  a  volume of air \\ril]l a hci~l]t Oj’ a jti\\’ hulldrcci lncIcIs

o v e r  a  citv. in the case of l’hocnix.  Arinna, for example. the Salt River
l’roicct  (S1{1’)  used a ~aricly  of mc(hods to monitor the l o n g - t e r m  h e a t

island  effects. ‘1’hey inc]udd  :inclwork {)1’g,rc~l]tl(l-basc(i  sensors. which arc
real-lime wwither  moni[orinp, slalions  that communicate  by microwave. and
in si121 mcasuremcnls from aircrafi  and Jvcalhcr bal loons fOr (ictcrmining,

J’crtical  pmfiics over the city an(i surroumiing, (icscrt (a tllrcc-(iitllcllsioll:il
(iatabasc).  ]]1 the SII1lIIIICI’  of 1 9 9 0 ,  the Southw’csl  Arm  h~OllSOOll l’ro~,ran]
\$’as Cc)llciuctc(i. 1 1  consistfxi  of 1 ’ - 3  airc.rafl  carrying mctcmologicai
imstrumcnts  Ihat collcdcfi ciala  over the l)hoenix  area.  I<cmotc sensing was
also Usc(i by SR1’. 1 lip,h-resolution 11< satc]litc  images  obtaine(i  by NOAA
were  incorporale(i  into the ~~,lt~llrl(i-l>ascci anti i}? ,Yitu  (ialabasc. 1 ]Ow’ever.
(difficulties arose  in corrclalinp,  the 11< ‘skin’ lempcratare  from Iilc satci]itc
imag,cs  with  IIleteorol[)p,ic:li”  quantities (see :ilm Std. 4 above).

‘1’o cva]uatc  (iatabascs  (iescribinp,  such heat  islan(i  ciomcs.  a thrcc-
(iimcnsiona],  tilllc-clc]lcll(icllt  lnmicl is ncdcci for the  tcmpcratare  profiic
aimve  the city an(i the air now amunci  the (Jill. llncrgy  balance mmicls
:iloIIc  callllol account  for aci\’ccti  On al](i mixing,, nlomcnlam Iransfcr or lvind

.,, }.-. ~.. ~-,,... LI:J ]-m!i}rbatiuns. ]’urc!)’  dy!lamk’ ll~~(ic!s  C:illllot illvcs!;~~k ~]~~.,

radiative cflcdson  chemistry ami lhc ll<lla]}]>illp,o  fl:l(ii:lti(~l]  by pollutants
al)ci m’osols. ‘1’hcrcfmc. (iynamica] c(~llsi(icl:iliolls  m u s t  bc cmuplcci  witil
rdialivc  energy balanm. Such a mmicl must simulate the transport of
visible solar  ra[iialion  through the atmosphere, its rcllcction an[i absorption
on the groumi,  the comiuclifm  and sloragc  o f  h e a t  in t h e  groumi,  t h e
emiss ion  of 11< raciialion from lhc gtoumi (inc~u(iinp,  active an(i passive
:llltilrC)]>og,cllic  sources), ~imi  Ihc ll{racliati~~c  tr:~llsfcr  tlll(~llgll  Ihcalmosi>hcre
inclu(iing  tile hcalingof’tile  atmosi)hcre.  It mus( also if~clll(ic  a(il’cclil’c:ttl(i
convective (iynamies an(i ailow  for f’ccdback o f ’  i n c r e a s i n g UI’b: ill
tcmpcraturcson  chemical rcadionstilat  pmducc smog,  omnc, and otilcr  air
pol lutants .  11 lllllst  illclLl(ic  st:{tc-()f-ttlc-art  radizltiI~c  tr:~llsfcr  a1l(i:lllalylical
and numericai  solutions to the equations of ci~rnamics  ami lIlcrlllo(iyllalllics.
‘li~c e f f e c t s  of clomis  an(i humi(iity  m~;st  IN inclucie(i. l:igurc  2
schematically presents such a mmicl.

Whi]c  a i r  poll~ltants  and acmso]s  h a v e  no (iircct influcncc  on
acivccticm and convection (since  they alc only minor  constituents of the
ahnosphmc),  they can trap  11< radiation which increases the air temperature.
‘1’ilc  tcmpcraturc profile with altitude (icpcn~is  on convection ami ra(iiativc
h e a t i n g ,  bolil  in turn (icpcmi  on the tmpcmturc  gradimt.  11< raciiation
trapping is particularly cffcctivc  whcll an inversion layer exists. ‘1’ilc
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increase  in air Icmperatmc enhances chcnlica]  reactions.  prod~lcinp,  nlorc  :iir

pollution.  ‘1’his reinforcing cycle w’ill  not continm  ml i}~firzilum. cventuall!r
conrlition~ \vill  h tmchc(i  lvhcrr t h e  i n v e r s i o n  layer  is dcstro?red.

.1  . . . , .1 .
;’1 udidill&’,

4. {].ic : . . . . . . . . . . . . . .
Wlit LLii\”  L  kCllh-Llll  W~ll  ~J1

~:j .  .  .  .  .  .  .  - . . . , .1 . .
llI\cJ.>I\IIl  lCt:}’Ci’ LA1l  L.lll  L1.P

difficult.
‘Ille surfiice ( g r o u n d  plus structmm ) boundarl’ Conclition i s

determined from the povwr  balance of’ solar radiation reaching the surface.
cmducticm into the surface. heat s{oragw bclo~ir the surface, and re-emission
fronl  the surface. ‘1’he cocfficimts  for al bedo.  1 R cmissivity,  heat capacit),
and conduction play a  ma.ior role in tl]is cletemination.  l’aramctel  in-xl
values of active amhropope~lic  heat sources arc adclcd to the boundary
conditions. “1’he  boundary condition calculation can be treated as an
indcpmctcnt  problem with inJmt  (solar ra(iiation  ) anti output  (heat  and
rcflcctul radiation j. ‘]’hC hC~I dOIllC l“ll(KtCl  C:ill  bC USCd  tO COIII)XH’C  the

effects of chanp,inp,  anthmpo{{enic bounciary conditions am] thus becomes
[i loo] for potcmlial  commr IIicaslllcs  01’ (J] 11 and air pollution.

I ‘:” __ -__,Boundary  Conditions

r “--””-  -- -  “--””””  ‘- -“

Initial  Condition
(Surface, ccl] walls) (Chem]cal  Cmnpc>sitimj,

Tentpez-atu~  -p, AdvecL~oI1)
L .T.  . 1 . . , - - - - - - - -

4 4
I

L. ● - .— I

I

,- - ● ✍ ☛✍ ✍☞

4

~
I I I~. .. J.. . ..— ,

R a d i a t i v e  T r a n s f e r I I Photolytlc  &  G a s - P h a s e
(V]sihlf,  W, lR/ 1“+~ Chemistry

1- . . . . . .
1 ! (PcJI lut ants,  ACI-CJSCJ]  s;

I:i:ure  2: 'lit] ~c-I)c[>cl]cict~ [,h4L]lti-l)itl~ cflsiotlal(Jrba[] }Icat lslanci Model



6. Urban planning

N411C.11  POII  1*O  Ar)l,,.  If>  V,.(illf... :!:: 1.1!]!  LW.P1 Il)Jrl ;I,r, ,I!ltllt.r}l>(! (r{>llie j;~:!{
1,, ,, .,, v., ,, ./. .  .  .  .  .  .  .  .  .  ,. .,.,.- ... >.... . . . . . . . . . . . . . . . . . . , .C, . . . . .

s o u r c e s  can bc rducd by incrtminp,  tbc surface al bcdo.  i .c. the ratio  of
rcilectcd to imidcnl  s u n l i g h t , l,i~]l)l-lcjlcctil~~ roofis a r c  parlicu]arl>’
effective. h4c(litcrr:l)lca11-style bui]dinp,s  ~isc light colors  to rcllcd sunlip.ht.
over-hanging rooj’s shield malls and rcllcct more sunlight back into space.
Also streets ad parkinp,  lots can be bui]t to be ICSS  heat absorbinp.  iVlulti-

lc~clcd  pa rk ing  :,arag,cs reduce the fract ion 01’ sunlit surface area  per
parking space. Airports are notorious beat islands. ApIoIIs, runways,  and
roofs of buildin~s  should bc light in color. A r e a s  bCt\\’CCl)  JWllWa~S  Shol]]d

not b e  p a v e d  }vilh b l a c k .  ]nt absorbinf:  m:ilcrials. Railroad cars can be
littcd  Jvitb  light-rcllcctinp  roofs.

lmprovcd  insulation 0( sur faces  rc(i LIccs heat con(iuction  into  the

interior ofstructarcs  or into the g.mund.  \Vllcn combimxl  with matcri:ils  of
rcxlucccl  heat capacit)’.  storage  ol’beat c:in bc greatly  rcduccd.  llcat storaf,c
is the main factor o~’incrc:iscd minimum Wnlpcralurcx  tit  nip, bt, which is a

major  contributor to Ihc iacrcasinpl beat island effect. increasing the area
of radiating surfaces also rcduccs  heal storap,  c. ovcrhang,in~  roofs and
shaped  stlrfaccs  that  cOIdLIct heat f’rom a sun-e x!mscd  side 10 a shady side
can bc v e r y  cffcclivc  in I“e(liicii-lg  ~i~C [1111  cflccl.

llxpansion  ofa city pcrpcn(licular 10 the direction of p r e d o m i n a n t
lvinds  rc:idily permits  IK2it  and c h e m i c a l  a i r  p o l l u t i o n  10 bc d i s p e r s e d .
lmiustrial  zones  slmuld bc built on the down  wind  s i d e  o f  a  city. large,
rapidly cxpancting,  cities should take advantage of terrain and consist of a
main  city wilh J\~cll-scJ>:llfltc(l  satellite communities. ‘1’hc  satc]litc  cities c:in
bc collncctcd  Ivitb r ap id - t r ans i t  sys t ems  tbrougb  nncs of vc~,ctation 10
allow  for the coolinp,  effects of claj30-tt[illsJJir:  iti(Jll.

7. ‘1’epics of fulum research

Areas lbat  nccct  more work  are the mmlclinp, of surface roug,bncss, beat
capaci[y,  and relative humidity of cities, cs!imating  passive and active
anthropogcnic  heat sources, and includinpl  cff.eels of clouds,  pollutants, and
aerosols in radiati~’c  transfer. ];ncrg,y flux balance models alone  cannot
account for advcction  ad mixing, momentl]m  transfer. m lvind vc]ocity
perturbations. 'l'llcil]crc~isc i]l:tir  coll(liti(~I~il]  gil]tllc s()t]tl]\\cst(  )i`tllcl  JSA
since  ttlc lime  of hqyrup’s  (] 969) s[udy justifies a rc-cvalltation  of hiS

results that internal (active antl]ropog,cnic)  heat sources arc unimporlan(.
Spclman  (1969) fou]d  that surface hcalin~  ismmc imporlant  Ihan surface
roughness,  but that slll`filcc  rc)llg]lllcss bccolllcs  illcl'c:lsillf,ly  lll()rc  important



as the  lvind s p e d  incrcmes abm’r  5 m / s . Ra(liativc  ef fects  01’  urbdn

pollutaIIts  Jvil] inlmducc  c o o l i n g  by day :ind h e a t i n g  by nighl an(i Jvi]l
CII:III(JI: fhc {“nrm of flILC hcnli~]f] f(]neliotl  a s  ass(ltnc[l  b~’ l<ichinrdonc  [111(1.,
l]l”llsasca  ( 1 989), for Cxmp]c. IIccauscan incrcasc  in acmsolscou]d  C: ILISC
cool ing or hcalini:  of Ihc surfaw and of the cw[h  - atmosplmc sys[cm.  Ifrc
bclicvc that this is an a rea  th:It is ripe for f-Llrlllcr  in}cstigation,  l:or t h i s

purpmc, a b s o r p t i o n  ad scal[cring ch[irzictcristics of a e r o s o l s  Ila\’c  l>ccil
stiidicd rcccnt]y  [ c f .  ollla  cl al.  ( 1  9 9 0 )  (ioodwin  aIICl  h4itcllilci  ( 1  986)

Andrcycv  (1 987) 1 litzcnbcr~,cr  :Itl(l l<i~.zi  ( 1986)-].
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